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ABSTRACT

A comparison is made between foliar and axial vas-
cular differentiation. Current thoughts and new evi-
dence are presented on the role of hormones in con-
trolling the differentiation of vascular tissues in or-
ganized and tumorous tissues, focusing on the role
of auxin and cytokinin in controlling phloem and
xylem relationships, vessel size and density, cam-
bium sensitivity, vascular adaptation and xylem
evolution in deciduous hardwood trees. The possible
role of wounding is also considered. A new hypoth-
esis, namely, the leaf-venation hypothesis, is proposed
to explain the hormonal control of vascular differ-
entiation in leaves of dicotyledonous plants. Experi-
mental evidence in support of the hypothesis is pre-

sented showing that hydathodes, the water-
secreting glands, are the primary sites of auxin
synthesis during leaf morphogenesis. Vessel element
patterns similar to those found in hydathodes were
experimentally induced by exogenous auxin appli-
cation.

Key words: Vascular differentiation; Xylem and
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Ethylene and wound response; Cambium sensitiv-
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INTRODUCTION

There are basic differences in vascular differentiation
between foliar and axial organs (Esau 1965; Sachs
1981). Vascular development along the plant axis is
an open-type differentiation process persisting
throughout the growth period from apical and lat-
eral meristems (Sachs 1981; Aloni 1987; Roberts
and others 1988), whereas vascular differentiation
in a leaf is limited to early stages of primordium
development (Mattsson and others 1999; Sieburth
1999).

The distance between the site of hormone syn-
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thesis and the location of the differentiating vascular
tissues is an important factor in the control of pat-
terned vascular differentiation (Aloni and Zimmer-
mann 1983; Aloni 1987, 1995). This distance may
regulate auxin levels which control developmental
patterns and relationship between phloem and xy-
lem, as well as conduit size and density. The models
by which we can currently explain vascular pattern
formation are limited (Berleth and Mattsson 2000;
Berleth and others 2000; Deyholos and others 2000;
Koizumi and others 2000; Sachs 2000). There is a
need for additional analysis at the molecular, cellu-
lar and organismic levels, which should be inte-
grated for better understanding (Nelson and Dengler
1997; Sachs 2000). Moreover, there is a need to un-
derstand in more detail the role of hormonal signals
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in patterning and differentiation, their spatial distri-
bution, and local differences in their synthesis and
reception (Nelson and Dengler 1997).

The general purpose of this review is to provide
an organismic explanation for how distance be-
tween the sites of hormone synthesis and the loca-
tions of differentiating vascular tissues in organs
with different morphogenetic patterns controls an
organized differentiation of both xylem and phloem
in the entire plant. The present review provides a
summary of major topics pertaining to organized
and tumorous vascular differentiation and the re-
cent advances made in each. It starts with new evi-
dence regarding hypotheses on the control of vas-
cular differentiation along the plant axis. As vena-
tion pattern formation in leaves is different from
vascularization along the stem it requires specific ex-
planations. In an attempt to achieve a better under-
standing of the general and specific hormonal
mechanisms that direct and regulate vascularization
in leaves, I propound a new hypothesis on the con-
trol of vascular differentiation and pattern formation
in dicotyledonous leaves. I hope that the proposed
leaf-venation hypothesis will stimulate the use of new
molecular methods to test its applicability in Arabi-
dopsis thaliana and other dicotyledonous species, as a
challenge for imaginative students.

DIFFERENTIATION ALONG THE PLANT AXIS

Control of Vascular Differentiation by a
Signal Flow

The plant hormone indole-3-acetic acid (IAA) is an
endogenous auxin involved in all aspects of vascular
differentiation (Aloni 1995, Aloni and others 2000).
The continuity of vascular tissues along the plant,
from the margin of leaves to the root apices, is in-
duced by the steady polar flow of auxin from leaves
to roots. The major path of auxin flow along the
stems of pine and poplar trees is in the vascular cam-
bium (Uggla and others 1996, 1998; Sundberg and
others 2000). Experimental evidence indicates that
the transition from procambium to cambium re-
quires a threshold level of ethylene (Aloni and oth-
ers 2000). The canalization hypothesis (Sachs 1981)
proposes that auxin flow, which starts by diffusion,
induces a polar auxin transport system which pro-
motes auxin movement and leads to canalization of
auxin flow along a narrow file of cells. The continu-
ous polar transport of auxin through these cells in-
duces a further complex series of events which fi-
nally result in the formation of a vascular strand.
The canalization of auxin flux through meristemat-
ic, or parenchyma cells, induces the orderly pattern

of continuous vascular strands from leaves to roots.
This suggests that vascular differentiation can be
used as an anatomical expression of auxin flow (Sa-
chs 1981, 2000).

Vascularization in Plant Tumors

Until recently, plant tumors induced by Agrobacte-
rium tumefaciens were considered unorganized or
partly organized masses (Sachs 1991 and references
therein). A recent analysis of the three-dimensional
pattern of phloem and xylem in Agrobacterium tume-
faciens-induced crown galls unveiled a sophisticated
vascular network of continuous vascular strands ex-
tending from the host plant up to the tumor margin.
The development of these strands indicates synthesis
of auxin by the A. tumefaciens-transformed plant cells
located immediately beneath the surface of the fast-
growing tumor (Aloni and others 1995). The strands
in a tumor contain both xylem and phloem, and are
interconnected by a dense network of phloem anas-
tomoses, consisting of sieve tubes but not vessels. In
the centripetal direction, the crown gall induces the
development of pathologic xylem characterized by
narrow vessels, absence of fibers and giant rays.
These anatomical features have triggered the pro-
pounding of the gall-constriction hypothesis (Aloni and
others 1995) to explain the mechanism which gives
priority in water supply to the growing gall over the
host shoot. The hypothesis proposes that a growing
gall retards the development of its host shoot by
decreasing vessel diameter in the shoot tissues close
to the tumor, which substantially reduces water
supply to the upper parts of the shoot. It was further
postulated that the controlling signal that induces
the narrow vessels in the host is the hormone eth-
ylene (Aloni and others 1995), which is known to
reduce vessel diameter (Yamamoto and others
1987). The gall-constriction hypothesis was experimen-
tally confirmed by showing that tumor-induced eth-
ylene is a limiting and controlling factor of crown
gall morphogenesis; very high ethylene levels were
produced continuously by a growing crown gall dur-
ing a few weeks, up to 140 times more ethylene
than in wounded, but not infected control stems,
reaching a maximum at five weeks after infection
(Aloni and others 1998; Wachter and others 1999).
Tumor-induced ethylene diminished vessel diam-
eter in the host stem and enlarged the surface
(through which high transpiration occurs) of the tu-
mor (Aloni and others 1998), thus giving priority in
water supply to the growing gall over the host shoot.
A recent comparison between the development of
plant and animal tumors has shown an analogous
requirement for neovascularization in both, presag-
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ing possible strategies for prevention and therapy
(Ullrich and Aloni 2000).

Relationships Between Phloem and Xylem

Plant vascular systems are usually composed of ph-
loem and xylem, and insofar as the relative propor-
tions of phloem and xylem are concerned there is a
major difference between foliar and axial organs.
Thus, along the plant axis, xylem does not differen-
tiate in the absence of phloem, though strands of
phloem (with no xylem) and phloem anastomoses
are common in stems of many plant species (Aloni
and Sachs 1973; Roberts and others 1988; Aloni and
Peterson 1990; Aloni and Barnett 1996). It has been
suggested that the differentiation of phloem strands
and phloem anastomoses between the strands is
controlled by streams of low auxin levels (Aloni
1987, 1995).

Conversely, in leaves, the differentiation of xylem
in the absence of phloem is a common feature and
occurs in freely ending veinlets (Lersten and
Brubaker 1989; Lersten 1990; Lersten and Curtis
1993; Horner and others 1994) and hydathodes
(Fahn 1990). In Oxalis stricta there are virtually no
sieve tubes in any terminal vein, while Polygonum
convolvulus, at the other extreme, has sieve tubes ex-
tending to the tips of most terminal veins (Horner
and others 1994). In most of the studied species
freely ending veinlets may display disparate rela-
tions between phloem and xylem in the same plant,
e.g., vein endings lacking sieve tubes or having them
up to the tip, and sieve tubes that end at some in-
termediate point (Lersten and Brubaker 1989; Ler-
sten 1990; Lersten and Curtis 1993; Horner and oth-
ers 1994).

In tissue cultures, low auxin levels induced sieve
elements but not tracheary elements, while high
auxin levels resulted in the differentiation of both
phloem and xylem (Aloni 1980, 1987), but even in
these cultures, at the surface further away from the
auxin-containing medium, only phloem with no xy-
lem developed (Aloni 1980). High auxin concentra-
tions applied to decapitated Luffa stems induced xy-
lem differentiation in its phloem anastomoses (Aloni
1995) indicating the need for high hormonal stimu-
lation for xylem differentiation. In leaves, the prox-
imity between the sites of auxin synthesis and the
site of differentiating vascular cells probably results
in relatively high local auxin levels at the differen-
tiating sites, which may explain why xylem can dif-
ferentiate in the absence of phloem at the freely
ending veinlets (Lersten 1990; Horner and others
1994) and hydathodes (Raven and others 1999) (see
below, the leaf-venation hypothesis).

A new Arabidopsis mutant with a unique spatial
relationship between phloem and xylem, forming
amphivasal vascular strands (Zhong and others
1999), might offer insights regarding the relations
between these vascular tissues.

Control of Vessel Size and Density Along the
Plant Axis

The control of vessel diameter is an important pa-
rameter for assessing the ascent of water and min-
erals from roots to leaves and the adaptation of
plants to their environment (Aloni 1987). The spe-
cific purpose of research in this direction is to de-
velop a reliable concept for understanding and ex-
plaining the mechanisms that control vessel size and
density (number of vessels per transverse-sectional
area) along the plant. Such a concept may serve as a
tool for analyzing developmental patterns of vessel
size and density in different plant species (e.g., ring-
porous versus diffuse-porous trees) and in specific
sites (e.g., hydathodes) in the vascular system, will
be discussed below.

A linear increase in vessel diameter with increas-
ing auxin concentration from 100 mg/1 to 1000 mg/1
(with the gibberellic acid at 100 mg/l in all cases)
was found in the ring-porous species Robinia
pseudoacacia (Digby and Wareing 1966). However,
this increase in vessel diameter could perhaps be
ascribed to the disparity in rates between gibberellic
acid and auxin levels. The hypothesis, recently
named the Wareing's hypothesis by Lev-Yadun
(2000), proposes a positive correlation between
auxin concentration and vessel diameter (Digby and
Wareing 1966) is contrary to what one would expect
from the overall pattern of vessel diameter along the
plant axis. The narrow vessels differentiate near the
leaves, where the highest auxin levels are expected,
while the widest vessels are formed in the roots, at
the greatest distance from the auxin sources. The
increase in vessel diameter from leaves to roots is
associated with a decrease in vessel density. Hence,
vessel density is generally greater in branches,
where the vessels are narrow, than in roots, where
they are wide (Fegel 1941; Carlquist 1975, 1988).

In an attempt to resolve this apparent contradic-
tion and better explain the general increase in vessel
diameter and decrease in vessel density from leaves
to roots, a six-point hypothesis (Aloni and Zimmer-
mann 1983) has been proposed. The six point hypoth-
esis attributes the general increase in vessel size and
decrease in vessel density along the plant axis to a
gradient of decreasing auxin concentration from
leaves to roots. High auxin levels near the young
leaves induce narrow vessels because of their rapid
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differentiation, allowing only limited time for cell
growth. Contrariwise, low auxin concentrations fur-
ther down result in slow differentiation, which per-
mits more cell expansion before secondary wall de-
position, and therefore results in wide vessels. Vessel
density is controlled by auxin concentration, to wit:
high concentrations (near the sites of auxin synthe-
sis) induce greater density, while low concentrations
(further down, towards the roots) lower density.
Therefore, vessel density decreases from leaves to
roots.

The validity of the six-point hypothesis (Aloni and
Zimmermann 1983) was strongly contested by Lev-
Yadun (2000) who, erroneously claimed that the
Aloni and Zimmermann (1983) experiment used
partial girdling in which wound effect dominates
(including wound ethylene). Therefore, it needs to
be clarified that in the cited experiment we did not
use partial girdling, but only decapitated stems on
which various auxin concentrations were applied.
Furthermore, the six-point hypothesis, arbitrarily re-
named the Aloni-Zimmermann hypothesis by Lev-
Yadun (2000), does not deal with sensitivity and
modifications in porosity following changes in
growth conditions, as misconstrued by Lev-Yadun,
but only explains the control of conduit size and
density along the plant axis. Lev-Yadun (2000) con-
fuses and incorrectly blends together two different
hypotheses, namely, the six-point hypothesis of Aloni
and Zimmermann 1983 and the limited-growth hy-
pothesis of Aloni 1991 (see below), as if they are a
united hypothesis. Lev-Yadun (2000) also debunks
the effects of auxin on earlywood vessel differentia-
tion (Aloni 1991) as resulting predominantly from
wound effects, although he must be well aware that
it is doubtful whether a wound effect could influ-
ence vessel diameter 50 mm below the site of auxin
application (see Figure 8.7 in Aloni 1991). Lev-
Yadun (p. 319) writes that the experimentally in-
duced vessel members (Aloni 1991) differentiated in
narrow bridges, but shortly after (Lev-Yadun, p.
321), these vessels differentiated in decapitated
stems. I maintain that only the latter claim is correct.
Later on Lev-Yadun (pp. 321-322) emphasizes that
the high auxin levels applied must have resulted in
auxin-induced ethylene production, yet he ignores
the facts that in that experiment (Figure 8.7, Aloni
1991) only extremely low auxin concentrations
(0.003%, 0.01%, and 0.1% w/w naphthaleneacetic
acid, NAA in lanolin) were applied to decapitated
stems of Melia azedarach, and that each concentra-
tion induced a unique pattern of vessel size and den-
sity 50 mm below the cut (the wound). Science can
only benefit from well-argued debate and thus I
welcome criticism of my hypotheses and results, so

long as it is accurate. In fact, a recent piece of evi-
dence by us (Figure 3 in Aloni and others 2000)
reveals that the Lev-Yadun (2000) contention is
wrong. The mentioned Figure shows that the appli-
cation of a very low hormonal stimulation (0.02%
w/w in lanolin), of either gibberellin, ethylene,
auxin, or only lanolin (as a control), to decapitated
stems of Melia azedarach, induced specific pit patterns
in the secondary wall of the vessel endings. The ex-
periment (Figure 3, Aloni and others 2000) demon-
strates that the specific secondary wall patterns in
vessel endings, which differentiated in a very short
distance (less than 5 mm) below the cut (using the
experimental method developed by Indig and Aloni
1989), were indeed induced and determined by each
hormonal treatment and not by a wound effect, or
wound ethylene. Even the lanolin control (in which
an effect of wound ethylene could dominate) pro-
duced a very different result from that obtained by
ethylene (originating from 0.02% ethrel). This evi-
dence indicates that in our decapitated Melia stem
system, the level of any possible wound ethylene
was too low to exert any influence on the anatomy
or size of vessel endings in less than 5 mm below the
cut (Aloni and others 2000), or affect vessel diam-
eter further away, at 50 mm below the site of auxin
application (Aloni 1991).

A study on vessel regeneration along the plant
axis in two Cucurbita species (Aloni and Barnett
1996) provides further evidence that the Lev-Yadun
(2000) stand regarding wounding is incorrect. The
study elucidates the role of both wounding and dis-
tance from the young leaves (the major auxin
sources) on the diameter of regenerated vessels; we
found that narrow regenerated vessels differentiated
around a wound in young internodes, near the
source of auxin synthesis (young leaves), whereas
wide regenerated vessels (up to 5-fold wider) were
frequently formed around the same type of wound
in mature internodes, away from the young leaves.
A similar pattern of a basipetal increase in the diam-
eter of regenerated vessels (up to 3-fold wider) was
found in spring, around the same type of wound
(Aloni and Barnett 1996), along the stem of the
ring-porous tree Melia azedarach (R. Aloni, unpub-
lished). This sharp increase in regenerated vessel di-
ameter with increasing distance from young leaves
affirms that distance from the source of auxin syn-
thesis is the major factor controlling vessel diameter,
as was predicted by the six-point hypothesis (Aloni and
Zimmermann 1983), and not the wound, or ethyl-
ene effect, as claimed by Lev-Yadun. We need, how-
ever, address also Lev-Yadun’s (2000) impugnment
of the validity of results obtained from wounding
and auxin-application experiments. These experi-
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ments started with the pioneering study of Jacobs
(1952) who demonstrated the role of exogenously
applied auxin in xylem regeneration around a
wound. That said, there is no question that wound
ethylene might affect the results in wounding and
exogenously applied hormone experiments. Yet, a
careful investigator should always take into account
the distance from a wound and the examined tissues
and accordingly run control tests and treatments
which should help to clarify the possible involve-
ment of the wound or ethylene in the process.

Evolution of Wood Formation in Deciduous
Hardwood Trees: The Role of Cambium
Sensitivity and Adaptation

From an evolutionary standpoint, trees have devel-
oped earlier than did the specialized herbaceous spe-
cies. The early evolution of deciduous woody plants,
who lose their leaves and become relatively inactive
physiologically during periods of extreme condi-
tions, may have contributed to the evolutionary suc-
cess of angiosperms, especially during the past 50
million years, when the global climates have been
undergoing active changes (Raven and others
1999). Therefore, understanding the control mecha-
nisms that have shaped vascular evolution in hard-
woods could elucidate the roles of hormonal signal-
ing and tissue sensitivity (Trewavas 1983; Bradford
and Trewavas 1994) to inductive signals (Aloni and
others 2000). For this purpose I have tried to under-
stand vascular pattern formation within temperate
deciduous hardwood trees, some of which have gi-
ant vessels which are easy to follow. In temperate
deciduous hardwood trees, vessel size differences in
the early- and latewoods are quite marked so that
two categories of deciduous trees are recognized: dif-
fuse-porous species and ring-porous species. In dif-
fuse-porous wood the vessels are more or less uni-
form in size, whereas in ring-porous wood the ves-
sels produced at the beginning of the growth season
are significantly wider than those produced at the
end of the season.

Aloni (1991) and Wheeler and Baas (1991) sug-
gested that ring-porous trees have originated from
diffuse-porous species. The development of ring-
porosity has probably arisen independently multiple
times during the diversification of angiosperms, and
different lineages might therefore have modified
mechanisms for regulating development. Generally,
the limited-growth hypothesis (Aloni 1991) proposes
that during the evolution of temperate deciduous
hardwood trees, the ring-porous species have devel-
oped from diffuse-porous species under the selective
pressures of limiting environments which resulted

in limited vegetative growth. It was further postu-
lated that the natural selection for ring-porous wood
has led to a decrease in the intensity of vegetative
growth, accompanied by reduced auxin levels. The
latter was followed by an increase in the sensitivity
of the cambium to relatively low auxin stimulation
(Aloni 1991).

The sensitivity of the cambium and vascular tis-
sues is promoted by inductive stimuli originating in
root apices (Aloni 1987, 1991, 1993). The major de-
velopmental signals of the roots are cytokinins,
which increase the sensitivity of the vascular mer-
istems and conductive tissues to developmental sig-
nals originating in the leaves (Aloni and others
1991, 2000; Baum and others 1991; Aloni 1995).

Lev-Yadun (2000) opposed, but with no support-
ing evidence, the idea proposed by Aloni (1991) that
in deciduous ring-porous species the cambium had
become highly sensitive owing to decreased levels of
auxin stimulation, while in deciduous diffuse-
porous species the cambium remained less sensitive
and therefore required high levels of stimulation for
its operation. We have no reason to assume that
evergreen and temperate deciduous hardwood trees
share an identical regulatory mechanism. Therefore,
Lev-Yadun (2000) cannot use porosity changes in
evergreen trees to question cambium sensitivity in
deciduous hardwoods. Whereas porosity modifica-
tions in deciduous hardwoods are expected and well
explained by the [limited-growth hypothesis (Aloni
1991; Aloni and others 2000). It is consequently im-
portant to emphasize that due to the high sensitivity
of the cambium (requires extremely low auxin lev-
els for reactivation, see below) in deciduous ring-
porous trees it undergoes extremely fast reactivation
(early cell divisions) in the spring, which occurs al-
most simultaneously in the branches and trunk. This
is why the bark of deciduous ring-porous trees may
be peeled a few days before any bud swelling can be
observed in spring. The bark can be removed along
the newly formed cell layer of reactivated cambium
because it possesses thin cell walls following cell di-
visions. Conversely, in deciduous diffuse-porous
species, because their cambium is less sensitive
(needs a high auxin stimulation to promote cell di-
visions, see below), it requires several weeks for a
‘wave’ of cambial reactivation to extend from the
twigs of a large tree to the base of its trunk (Priestley
and Scott 1936). Consequently their bark cannot be
peeled during these several weeks after bud swelling
because the cambium at the base of their trunk re-
mains dormant.

When I proposed the concept of increased cam-
bium sensitivity in deciduous ring-porous trees, as
part of the limited-growth hypothesis (Aloni 1991), it
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was mostly intuition based partly on my own expe-
rience with these deciduous species. Today, there is
further experimental evidence from transformed
plants (Zhang and others 1995; Eklof and others
1997) that supports the idea that reduced auxin lev-
els can elevate cytokinin levels, which would en-
hance tissue sensitivity (Aloni 1991, 1993, Aloni
and others 2000). The new data demonstrate that
auxin or cytokinin modify the content of the other
hormone by affecting its rate of synthesis. Increased
auxin levels reduce free cytokinin levels and vice
versa (Palni and others 1988; Zhang and others 1995;
Eklof and others 1997). Results from plants trans-
formed with iaaM and iaaH genes that overproduce
auxin show lower levels of endogenous cytokinins
in them than in untranstormed controls (Eklof and
others 1997). Similarly, in whole plants, or in tissues
transformed with the ipt gene that overproduce cy-
tokinin, the level of free TAA and occasionally of
conjugates is reduced. Inactivation of the auxin-
synthesis genes (iaaM and iaaH) results in marked
increase in the level of cytokinins in the transformed
tissues (Zhang and others 1995). This evidence from
transformed plants supports the idea that during the
evolution of ring-porous trees, a decrease in auxin
production promoted an increase in cytokinin lev-
els. This, in turn, enhanced cambium sensitivity to
low-level auxin streams originating in swelling buds
and created the special conditions that enable the
differentiation of very wide earlywood vessels dur-
ing a limited period of time in spring. Only because
of the heightened sensitivity of the cambium in ring-
porous trees (Aloni 1991, Aloni and Peterson 1997,
Aloni and others 1997, 2000) their first wide early-
wood vessels are initiated six to two weeks before
the onset of leaf expansion (Suzuki and others
1996). Conversely, in diffuse-porous species, the
first earlywood vessels are initiated two to seven
weeks after the onset of leaf expansion (Suzuki and
others 1996), and because of its low sensitivity, their
cambium requires high auxin levels (from fast-
growing young leaves) for reactivation.
Furthermore, extremely low auxin concentra-
tions (0.003%, 0.01% w/w NAA in lanolin), which
induced wide earlywood vessels in the deciduous
ring-porous trees Robinia pseudoacacia (R. Aloni, un-
published) and Melia azedarach (Aloni 1991, Figure
8.7), did not stimulate earlywood vessel differentia-
tion in the deciduous diffuse-porous trees Magnolia
kobus and Acer saccharum (R. Aloni, unpublished).
On the other hand, a high auxin concentration (1%
w/w NAA in lanolin) promoted earlywood vessel
formation in Magnolia and Acer, but prevented wide
earlywood vessel formation in Robinia and Melia (R.
Aloni, unpublished). Similarly, opposite responses

were also found in the phloem of deciduous hard-
wood trees with different porosity. Thus, application
of the high auxin concentration (1% NAA) to ex-
cised dormant branches before bud break resulted in
the removal of the dormancy callose from the sieve
tubes of the diffuse-porous Magnolia, but an accu-
mulation of callose on the most recently formed
sieve tubes of the deciduous ring-porous Quercus
robur (Aloni and Peterson 1997), indicating that the
ring-porous tree is extremely sensitive and the high
auxin applied constitutes an overdose for its ph-
loem.

Our recent xylem-regeneration experiments (A.
Wolf and R. Aloni, unpublished) on tobacco plants
transformed with either iaaM, or iaal. genes, which
respectively overproduce auxin (up to 7.3-fold in-
crease) in 19S-iaaM plants, or substantially reduce
endogenous IAA (by up to 19-fold) in 35S-iaal
plants (Romano and others 1991), affirm the reports
that increased auxin levels reduce free cytokinin
levels and vice versa (Zhang and others 1995; Eklof
and others 1997). Xylem regeneration around a
wound in young internodes of wild-type and in the
transformed tobacco plants (Romano and others
1991) with intact leaves, was remarkably similar in
all the various lines, even with the very high, or
extremely low endogenous IAA levels (A. Wolf and
R. Aloni, unpublished). Furthermore, no differences
between the lines were observed regarding xylem
regeneration, when the leaves above the wound
were replaced by a low auxin (0.1% w/w NAA in
lanolin) source. However, when a high auxin (1%
NAA w/w in lanolin) source replaced the apical
leaves, elevated xylem regeneration occurred in the
wild-type and in the transformed plants with low
endogenous IAA levels, albeit there was no xylem
regeneration around the wound in the auxin-
overproducing plants (19S-iaaM plants with a 7.3-
fold increase in TAA level), probably because the lat-
ter treatment induced an excess of auxin stimulation
upon the iaaM plants. When the leaves above the
wound were replaced by lanolin (with no auxin), no
xylem regeneration occurred in the wild-type or the
35S8-iaal plants (Romano and others 1991), but did
occur in the auxin-overproducing plants (19S-iaaM
plants) (Figure 1). These experiments on xylem re-
generation in tobacco plants transformed with either
iaaM, or iaal genes, demonstrate that changes in the
endogenous auxin levels result in the adaptation of
the transformed tissues to the modified endogenous
auxin levels. This adaptation means that in the
auxin-overproducing plants the vascular tissues be-
come less sensitive to auxin. On the other hand, in
the transformed plants with extremely low endog-
enous auxin levels, there is a substantial increase in
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Figure 1. Longitudinal views of wounds (W) in young
internodes of (a) wild-type and (b) auxin-overproducing
(by 7.3-fold in line: 19S-iaaM 1, vide Romano and others
1991) Nicotiana tabacum plants. The tissues were taken
from decapitated internodes treated for 7 days with lano-
lin (with no auxin). The tissues were cleared in pure lactic
acid and were left unstained. The experiment was re-
peated three times. The photomicrographs show the ab-
sence of xylem regeneration in the wild-type plant (a),
and the typical xylem regeneration (arrow) in the over-
producing auxin plant (b). Scale bar = 200 pm. (A. Wolf
and R. Aloni, unpubl.).

-

the sensitivity of the vascular tissues to the reduced
level of the signal. This experimental evidence is
consistent with the idea that during the evolution of
temperate deciduous hardwood trees, selective pres-
sures in limiting environments, which restricted
vegetative growth, reduced auxin levels in the de-
veloping ring-porous trees, the latter promoted an
increase in sensitivity of the cambium to relatively
low auxin stimulation (Aloni 1991).

DIFFERENTIATION IN LEAVES

Control of Vascular Pattern Formation in
Leaves: The Leaf-venation Hypothesis

Most plants exhibit slight to considerable hetero-
blasty, where the leaves produced at different stages
of shoot development vary in their morphology. In
the model organism Arabidopsis thaliana (Meyerow-
itz 1989), the vegetative shoot is composed mainly
of rosette leaves. Hence, understanding of leaf mor-
phogenesis and vascular differentiation in this spe-
cies is very important for correct evaluation of its
mutants and their gene function. Early rosette
leaves of Arabidopsis have rounded blades with
smooth margins, while leaves produced in later

stages of shoot development have slightly serrated
edges (Poething 1997). Molecular mechanisms de-
termining leaf architecture in compound leaves
have been elucidated in tomato (Hareven and others
1996) and pea (Gourlay and others 2000). However,
mechanisms that control the morphogenesis of leaf
margins are poorly understood (Groot and Meicen-
heimer 2000). Controlling factors that may affect
leaf development and tissue differentiation along
the plant axis are physiological gradients, which are
induced by moving signals such as auxin and cyto-
kinin. These hormones may promote gradual
changes in organ development and tissue differen-
tiation. A gradient of auxin, with higher concentra-
tions in proximal than in distal regions was detected
in young tobacco leaves (Edlund and others 1995),
probably resulting from auxin accumulation above
the leaf base.

Leaves are characterized by complex networks of
vascular tissues (Sachs 1975, 1981, 1989; Nelson
and Dengler 1997; Candela and others 1999), fast
vascular development and early determination
(Mattsson and others 1999). Regeneration of both
leat shape (Sachs 1969) and leaf vascular differen-
tiation is limited to early developmental stages (Sa-
chs 1975, 1981; Mattsson and others 1999; Sieburth
1999).

In complex networks of leaves, there are strands
in which the individual cells do not have an obvious
shoot-to-root polarity and therefore can be deemed
not polar (Sachs 1975). It has been suggested that
during the process of strand differentiation the
strand axis is determined first and along this axis
auxin movement may occur in opposite directions
(Sachs 1975, 1981, 1989).

In wild-type plants, discontinuities in the path of
xylem differentiation were detected during the pro-
cess of vascular differentiation in their developing
leaves (Esau 1965). In defective mutants such vas-
cular discontinuities may also be visualized in ma-
ture cotyledons and leaves (Przemeck and others
1996; Candela and others 1999; Carland and others
1999; Deyholos and others 2000; Hobbie and others
2000; Koizumi and others 2000).

In leaves, vascular tissues become progressively
confined to the leaf margin as the concentration of
auxin transport inhibitors is increased, suggesting
that the leaf vascular system depends on inductive
signals from the margin of the leaf (Mattsson and
others 1999; Sieburth 1999). Staged application of
auxin transport inhibitors has demonstrated that
primary, secondary and tertiary veins become unre-
sponsive to further modulations of auxin transport
at successive stages of early leaf development, indi-
cating that the pattern of primary and secondary
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strands becomes fixed at the onset of lamina expan-
sion (Mattsson and others 1999; Sieburth 1999).

The molecular and physiological mechanisms
that govern and determine venation pattern forma-
tion in leaves are poorly understood (Telfer and Po-
ething 1994; Nelson and Dengler 1997; Nelson
1998; Candela and others 1999; Carland and others
1999; Mattsson and others 1999; Sieburth 1999;
Deyholos and others 2000). In order to clarify where
auxin synthesis occurs in dicotyledonous plant
leaves, and how the production sites and the auxin
levels control vascular differentiation in these
leaves, I propose the following leaf-venation hypoth-
esis:

1. The expanding tissues of a leaf primordium are
the sites where auxin is synthesized. Fast-growing
regions are the major locations of auxin production.
The term ‘leaf apical dominance’ is now proposed to
describe, within a developing leaf, how the fast-
growing tip of a primordium produces auxin which
suppresses the synthesis of auxin in the leaf tissues
below it. Along the plant axis, this tip-inhibition ef-
fect may diminish with increasing distance of a leaf
primordium from the root apices, the diminution
due to declining levels of root-induced cytokinins
with increasing distance from the root.

2. The rapidly elongating tip of a growing primor-
dium is the first major site of auxin synthesis in a
leaf. The auxin produced by the tip and expanding
leaf periphery is drained basipetally into the stem.
However, developmental patterns (R. Aloni, unpub-
lished) suggest that the leaf/stem junction is a local
barrier which slows down auxin flow at the junc-
tion. Within a leaf, the junctions between the mid-
vein (primary vein) and secondary veins might also
slow auxin movement and cause increasing levels of
auxin concentrations above these sites. It is further
proposed that during leaf development there are
gradual changes in primary auxin synthesis sites
along the leaf, which occur along the margins in a
downward ‘wave’ pattern, extending from the tip to
the base of the primordium. Since the tip of a leaf
primordium matures relatively fast, its auxin pro-
duction decreases, whereas the auxin production in-
creases in the upper lobes, which grow faster and
become the major auxin synthesis sites. Later on,
when the upper lobes mature, their auxin produc-
tion decreases, while auxin production now in-
creases in the lobes below them—a process that con-
tinues downward and diminishes at the base of the
leaf.

3. As primary production of auxin along the blade’s
margin decreases, secondary auxin synthesis sites
within the lamina become relatively effective. I sug-

gest that this relatively late auxin production occurs
during primordium development as a result of local
intercalary expansion growth, where the inner parts
of the leaf expand at different rates and in different
directions (Avery 1933)—a process that has been
termed anisotropic growth (Ashby 1948).

4. At very early stages of primordium development
the auxin levels are low and therefore only the basic
framework (main strands and loops) of procambium
is induced. This provascular network design deter-
mines the later patterns of xylem and phloem dif-
ferentiation, which will follow the procambium con-
figuration during leaf morphogenesis.

5. A regular feature of xylem development is the
formation of discontinuous patterns during the pro-
cess of differentiation (Figure 2). In other words,
vessel differentiation proceeds normally in discon-
tinuous fashion, entailing discrete vessel elements,
which ultimately join into a continuous vessel.
These discontinuities are formed along a differenti-
ating vessel because the individual vessel elements
have different speeds of maturation. A positive cor-
relation is suggested between auxin level and the
rate of vessel-element maturation. Differentiating
vessel elements exposed to high levels of auxin,
which are either near a site of auxin synthesis, or
above an obstacle to auxin flow (where auxin accu-
mulates), differentiate faster than do the other in-
tervening vessel elements.

6. Xylem maturation patterns are determined by
auxin levels and the ability of the differentiating
cells to respond to the auxin signal. Fast leaf expan-
sion results in high auxin synthesis, which promotes
xylem differentiation within the basic procambium
network induced early in primordium development.
Auxin accumulation at the base of a leaf primor-
dium above the leaf/stem junction obstacle, deter-
mines the acropetal pattern of xylem differentiation
in the midvein. Shortly after, the high auxin levels
produced at the tip and leaf margin induce xylem
loops (within the already laid-down procambial pat-
tern), which develop in the basipetal direction, away
from the auxin sources. High auxin concentrations
synthesized by the tip and lobes accelerate xylem
differentiation in these locations, which may result
in discontinuous patterns of xylem differentiation in
the lobes during early stages of leaf development
(Figure 2D, c). The high auxin levels produced by the
tip and lobes induce basipetal patterns of decreasing
numbers of tracheary elements along the distal parts
of the major veins, from the sites of auxin synthesis
downward, resulting in the formation of hydathodes
(Figure 3).

7. Phloem differentiation is induced by low-grade
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Figure 2. Naturally occurring discontinuities in the path of xylem development in intact expanding rosette leaf primordia
of a wild type Arabidopsis thaliana Columbia ecotype, grown under short day conditions (8 hours light), cleared with lactic
acid and photographed under Nomarski illumination. The discontinuous vessels have a white appearance and they
differentiate within the provascular network which appears as the darkest tissue. (a) shows unique discontinuous patterns
of vessels (marked by arrows) in an early stage of primordium development. The upper parts of a closed vessel (a loop)
located beneath the apical tip are not in focus and therefore have a thick appearance. (b) and (c) show a more advanced
stage of primordium development with typical discontinuities in the path of xylem differentiation, characterized by
advanced vessel differentiation (arrows) in developing lobes, at the sites of hydathode formation. A very early stage of
discontinuous xylem differentiation in a hydathode site is shown in (b) in the lower lobe, while in the more advanced lobe
above it the vascular tissues are more developed with additional vessel elements near the lobes’s tip. Scale bar = 200 pm.

auxin stimulation, whereas xylem differentiation re-
quires higher auxin levels (Aloni 1980, 1987, 1995).
In leaves, owing to proximity of the sites of auxin
production to those of vascular differentiation, the
differentiating cells are exposed to relatively high
local auxin levels, which could therefore result in
the differentiation of xylem in the absence of ph-
loem in the free-ending veinlets and hydathodes.
Conversely, in locations where the terminal veins
are induced by relatively low auxin levels, the sieve
tubes may extend to the tip of the freely ending
veinlets. Intermediate sieve tube configurations are
probably induced by intermediate levels of auxin.
These freely ending veinlets inside a leaf are induced
by secondary auxin synthesis sites produced in the
lamina.

8. Due to fast development and early determination
of tissues in leaves, there is a very rapid decrease in
the ability of parenchyma cells in the lamina to re-
generate. Consequently, vessel differentiation and
regeneration here is limited to existing strands,
where new vessel elements differentiate mainly
from meristematic cells in the strands rather than

from parenchyma cells of the early-determined
lamina. Accordingly, late vessel differentiation, or
regeneration, is restricted to already existing strands
and might therefore occur along the same axis even
in opposite polarities.

The above leaf-venation hypothesis explains the differ-
entiation of vascular tissues in Arabidopsis thaliana
and other simple-leaved dicotyledon species, which
usually mature basipetally. The one reported excep-
tion not explained by the hypothesis is Quercus ru-
bra, in which an acropetal leaf development occurs
(Tomlinson and others 1991).

The former six-point hypothesis (Aloni and Zim-
mermann 1983) predicted that near a site of auxin
synthesis many tracheary elements would differen-
tiate and their number would decrease with increas-
ing distance from the auxin production site. Analyz-
ing the pattern of vessel elements in large hydath-
odes indeed shows a significant basipetal decrease in
the number of tracheary elements as one moves
away from the leaf margin. The greatest number of
vessel elements in the hydathodes are formed near
the leaf margin (Figure 3a) indicating that this is
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Figure 3. Naturally occurring (a) and auxin (a one-week 1% IAA, w/w in lanolin) induced (b and c) xylem patterns in
young Cucumis sativus cotyledons, cleared with lactic acid and photographed under a light microscope. The experiment was
repeated three times. The photomicrographs show typical basipetal gradients (marked by white arrows inside the strands)
of decreasing number of vessel elements away from the center (H) of the hydathode (a), from the horizontal (b), and from
the longitudinal (c) cuts to which the IAA was applied (arrowheads). These cuts were made away from the hydathode in
very young cotyledons. Note that there are many freely ending vessels which differentiated towards the center (H) of the
large hydathode (a), thus indicating the location where the natural inductive signal (auxin) is produced. The applied auxin
induced cell proliferation on both cut surfaces above some of the strands (b and c). It also induced a layer of numerous
xylem elements (X) and increased vein density (V) beneath the longitudinal cut (c). This elevated vein density decreased
with increasing distance from the cut (from the applied auxin). Scale bar = 200 pm. (R. Aloni and B. Rotblat, unpubl.).

where the most intensive auxin synthesis occurs.
Similar patterns of basipetal decrease in vessel ele-
ment density along a leaf strand were experimen-
tally induced by an exogenous auxin source applied
along a cut in a very young cotyledon (Figure 3b, c).
Application of a high auxin level to a longitudinal
cut made in cucumber cotyledon substantially in-
creased vein density near the exogenous auxin
source (Figure 3c¢), thus mimicking the role of the
rapidly elongating tip, the lobes and the leaf margin
of a growing primordium as the major auxin syn-
thesis sites in a leaf, causing a relatively high vein
density in the distal regions of a dicotyledonous
plant leaf.

Genes that are induced by auxin, might be re-
ported by GUS expression in developing lobe tips
(see Figure 4f in Plesch and others 1997) of leaf
primordia where hydathodes differentiate. This ex-
pression pattern marks primary sites of auxin syn-
thesis in developing leaf primordia. I suggest that
GUS accumulation in developing hydathodes of
young leaf primordia might be enhanced by auxin
transport inhibitors. Genes that are positively influ-
enced by auxin can be used for analyzing develop-

mental changes in the sites of auxin synthesis during
leaf morphogenesis, as suggested by the leaf-venation
hypothesis. This may be best analyzed in species with
relatively large leaves, like those of tobacco.

In order to identify genes determining venation
pattern formation and control of vascular differen-
tiation, mutants of Arabidopsis and other model
plants are being screened for altered vascular pat-
terns. The genetic screening may uncover mutations
in genes that specifically disrupt the normal pattern
of vascular differentiation (Przemeck and others
1996; Candela and others 1999; Carland and others
1999; Deyholos and others 2000; Hobbie and others
2000; Koizumi and others 2000). Discontinuities in
the provascular tissues of defective mutants were
detected during early stages of leaf organogenesis
(Deyholos and others 2000; Koizumi and others
2000). Mutants with defective vascular patterns
may fail to establish uniformly aligned vascular cells
and discontinuities in the xylem occur in their ma-
ture leaves (Przemeck and others 1996; Candela and
others 1999; Carland and others 1999; Deyholos and
others 2000; Koizumi and others 2000). It needs to
be emphasized that in the course of leaf histogenesis
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in wild-type plants, vascular discontinuities nor-
mally appear during the regular process of organized
strand formation (Figure 2), but in defective mu-
tants, however, some of the intermediate disconti-
nuities persist as the final xylem structure in the
mature leaves. In addition, novel patterns of vascu-
lar networks may emerge in defective mutants
(Deyholos and others 2000; Koizumi and others
2000) indicating modifications in the auxin path-
ways and transport during the process of vascular
differentiation. Mutants defective in the formation
of continuous vascular networks may result from
mutations in genes encoding components of the po-
lar auxin transport machinery, e.g., genes causing
defected basipetal transport of auxin (Carland and
McHale 1996), reduced capacity of polar transport of
auxin (Przemek and others 1996), and modified
sensitivity to auxin (Deyholos and others 2000).
Genes affecting early stages of vascular patterning,
prior to provascular network formation, may pro-
mote differentiation along wide pathways rather
than narrow canals, because of failures to establish
efficient canals of auxin flow. An ineffective wide
pathway caused by a defect in the polar auxin trans-
port machinery may fail to establish continuous
wide xylem strands and can therefore result in frag-
mented patterns of vascular islands (Deyholos and
others 2000; Koizumi and others 2000).

Discontinuities in mature phloem, which can also
be regarded as early developmental stages that have
become fixed during differentiation as a result of a
failure to complete the maturation process, are ob-
served regularly in defective mutants of Arabidopsis
(Przemeck and others 1996; Carland and others
1999). Such discontinuous phloem patterns have
been correlated with analogous discontinuities in
xylem patterns (Carland and others 1999).

In conclusion, the hypotheses and evidence dis-
cussed above indicate that auxin is the major con-
trolling signal in vascular differentiation and pat-
terning. Other plant hormones and their interac-
tions should also be considered. A better molecular
understanding of the polar auxin transport machin-
ery, integrated with analyses at both the cellular and
organismic levels, could clarify the general and or-
gan-specific mechanisms which induce and regulate
vascular differentiation in plants.
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